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MAX3/CCD7 Is a Carotenoid Cleavage Dioxygenase
Required for the Synthesis
of a Novel Plant Signaling Molecule
mental, developmental, and genetic factors control the
transition of the axillary bud from dormancy to activity,
with many of these effects being mediated by plant
hormones. Most of the known hormone families have
been shown to influence shoot branching in some way.
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PO Box 373 The most prominent are auxin and abscisic acid (ABA),
which inhibit bud growth, and cytokinin, which promotesYork YO10 5DD
United Kingdom it [2, 3]. However, in recent years, analyses of the Ramo-
sous (rms) mutants of pea [4] and the More Axillary2 Plant Molecular and Cellular Biology Program
University of Florida Branching (max) mutants of Arabidopsis thaliana [5–7]
have suggested the existence of an entirely novel andGainesville, Florida 32611
as yet unidentified plant growth substance regulating
axillary bud growth. In these mutants, shoot branching
is increased compared to wild-type (wt). In a subset ofSummary
the mutants (rms1, rms2, rms5, max1, max3, and max4),
the bushy shoot phenotype can be reversed by graftingBackground: Plant development is exquisitely environ-
mentally sensitive, with plant hormones acting as long- mutant shoots to a wild-type rootstock [6–10]. This sug-
gests that the genes are required to produce a long-range signals that integrate developmental, genetic, and
environmental inputs to regulate development. A good range graft-transmissible signal that inhibits branching.
Recently, the MAX4 gene was cloned and its closestexample of this is in the control of shoot branching,
where wide variation in plant form can be generated in homolog in pea was shown to map to the RMS1 locus,
establishing their orthology [7]. MAX4 and RMS1 havea single genotype in response to environmental and
developmental cues. homology to carotenoid cleavage dioxygenases (CCDs),
but their biochemical activity has not been established.Results: Here we present evidence for a novel plant
signaling molecule involved in the regulation of shoot The CCD family includes the 9-cis epoxy-carotenoid di-
oxygenase (NCED) enzyme subfamily, which cleavesbranching. We show that the MAX3 gene of Arabidopsis
is required for the production of a graft-transmissible, neoxanthin during ABA biosynthesis [11]. However,
MAX4 and RMS1 do not group in this subfamily, sug-highly active branch inhibitor that is distinct from any
of the previously characterized branch-inhibiting hor- gesting that they may have a different substrate. Here we
show that the MAX3 gene encodes a different divergentmones. Consistent with its proposed function in the syn-
thesis of a novel signaling molecule, we show that MAX3 member of the CCD family, CCD7. Further, we demon-
strate that the MAX3 protein is plastid localized and isencodes a plastidic dioxygenase that can cleave multi-
ple carotenoids. capable of cleaving multiple linear and cyclic carotenoid
substrates, demonstrating that MAX3 is required forConclusions: We conclude that MAX3 is required for
the synthesis of a novel carotenoid-derived long-range synthesis of a novel carotenoid-derived plant-signaling
molecule that regulates shoot branching.signal that regulates shoot branching.
Introduction
Results and Discussion
A unique feature of plant development is the ability to
In a screen for mutants with increased branching, wealter body plan in response to environmental conditions.
recovered nine alleles at the MAX3 locus, all in the Co-As in animal development, the primary body axis of
lumbia (Col) genetic background and all of which areplants is laid down during embryogenesis. This includes
recessive. Eight of these were recovered from thethe establishment of the shoot apical meristem at one
AMAZE high copy number autonomous transposon tag-end, which gives rise to the shoot system, and a root
ging population [12] and one was from an Ethyl Methane-apical meristem at the opposite end, which gives rise
sulphonate (EMS) mutagenized population [5]. Allelicto the root system. Postembryonically, the meristems
differences were found to be small (data not shown),elaborate this basic axis, but in addition, secondary mer-
and so the EMS-induced allele, max3-9, was selectedistems arise in both the root and shoot, establishing
for detailed characterization after three rounds of back-new axes that give rise to lateral branches. It is the
crossing to wild-type. Like the other max mutants [5,ability to produce lateral branches that gives plants their
7], max3 homozygous plants have a bushy appearancespectacular plasticity of form.
(Figure 1A) due to increased second order branchesIn the shoot, lateral branches arise from secondary
(those arising from the axils of leaves made by the pri-shoot apical meristems laid down in the axils of leaves.
mary shoot) growing from the rosette (the leaves pro-Axillary meristems can either remain dormant or activate
duced on the very short vegetative stem) (Figure 1B).to produce a shoot branch [1]. A wide range of environ-
Higher order branching from both rosette and cauline
nodes (those on the elongated inflorescence stem) is*Correspondence: hmol1@york.ac.uk
3 These authors contributed equally to this work. also increased (Figure 1B). Similar to the other max mu-
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Figure 1. The max3 Mutant Phenotype
(A) Phenotype of adult (7-week-old) MAX3 (l)
and max3-9 (r) showing increased branching
from the rosette nodes and reduced inflores-
cence height in max3.
(B) Quantitative analysis of branching in MAX3
and max3-9 plants. The number of branches
was measured after 8 weeks of growth. n 
10; bars represent the standard errors of
means.
(C) Rosettes of 4-week-old MAX3 (l) and
max3-9 (r) plants showing shorter petiole and
leaf blade length of the mutant.
tants, max3 plants are only 80% wild-type height at amino acid. The phenotype of the mutant, designated
max3-10, is identical to the previously described maxmaturity (398  10 mm versus 496  9.5 mm), and their
leaves and petioles are shorter than wild-type (Fig- mutants. Thus, the branching phenotype is associated
with four independent mutations in the MAX3/CCD7ure 1C).
None of the transposon-induced alleles appeared to gene in two ecotypes.
To confirm that the phenotype is linked to expressionbe tagged (data not shown). Thus, to characterize the
MAX3 gene at a molecular level, we isolated it using a of CCD7, the CCD7/MAX3 cDNA was amplified by RT-
PCR from RNA extracted from Arabidopsis seedlingsmap-based strategy. An F2 population was derived from
crossing max3-1 with the Landsberg-erecta (Ler) eco- (Col ecotype), fused to the highly active, near-constitu-
tive Figwort Mosaic Virus 35S promoter, and introducedtype. Preliminary mapping indicated that the MAX3 lo-
cus is on the lower arm of chromosome II between the
markers AthB102 and GBF3 (Figure 2A). Using known
cleaved amplified polymorphic sequence (CAPS) mark-
ers [13] and polymorphisms between the Col and Ler
ecotypes (http://www.arabidopsis.org/cereon), the lo-
cation of MAX3 was delimited to a region bordered by
the markers 442327 and 442610 (Figure 2A). This region
is approximately 66 kb and contains 15 annotated genes
(http://www.tigr.org/tdb/e2k1/ath1). One of these genes,
At2g44990, encodes a putative carotenoid cleavage en-
zyme, AtCCD7. Since the MAX4 gene has been shown
to be CCD8, a distantly related member of the CCD
family [7], we sequenced the CCD7 gene from two
transposon alleles and the EMS-induced max3-9 allele.
Mutations, predicted to result in truncated proteins,
were identified in all three sequenced alleles, suggesting
that MAX3 is CCD7 (Figure 2B). In the max3-3 allele, a
2 bp insertion (AA) is present in the first exon, leading
to a predicted truncated peptide consisting of the first
87 amino acids of the wt protein and nine new amino
acids before a translational stop. In the max3-4 allele,
a large insertion of 272 bp of transposon sequence is
present in the first exon. This leads to a predicted protein
consisting of 181 wt amino acids and 29 new amino
acids before a translational stop. In the max3-9 allele, 16
nucleotides are deleted in the second exon and replaced
with 42 nucleotides of unknown origin. This leads to a Figure 2. Cloning of the MAX3 Gene
predicted truncated protein of 255 wt and one new (A) Summary of mapping data defining the position of the MAX3
amino acid. Further proof was provided by identification locus. Markers B102 and GBF3 are previously identified SSLP and
CAPS markers, respectively. The other four markers are CAPS mark-of a T-DNA knockout mutant isolated from the BASTA
ers developed from known polymorphisms between Col and Ler.population of the University of Wisconsin [14]. This pop-
(B) Summary of mutations in max3 mutant alleles. MAX3 genomiculation was generated in the Ws ecotype. A line con-
sequence is denoted by solid blocks for predicted exons, angledtaining a T-DNA in the first exon of CCD7 was identified
lines for introns, and straight lines for the 5UTR and 3UTR. Muta-
and made homozygous. The site of the insertion was tions are as indicated. The predicted protein product for the wt gene
determined by DNA sequence analysis. The predicted and the three sequenced mutant genes are shown below. Black
bars indicate wt sequence, shaded bars indicate mutant sequence.protein consists of 157 wt amino acids and one new
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Figure 3. Expression and Activity of MAX3
(A) Expression pattern of CCD7. CCD7 RNA quantities for each tissue type were determined by real-time PCR. Abbreviations: F, flower; S,
silique; PIS, primary inflorescence stem; LIS, lateral inflorescence stem; SIS, secondary inflorescence stem; P, petiole; LB, leaf blade; and R,
root.
(B and C) Interstock graft 6 days (B) after grafting and at plant maturity (C). Wild-type hypocotyl tissue containing a CaMV35S::GUS reporter
was grafted between max3 scions and rootstocks. Histochemical staining differentiates the wt and mutant tissue.
(D) Quantitative analysis of the effect of interstock grafting on secondary rosette branching 6 weeks postgrafting. Due to technical difficulties
in generating large numbers of such grafts for statistical analysis, only simple wt/wt and max3/max3 grafts were constructed as controls. n 
10–18, error bars represent the standard errors of the means.
into the max3-9 mutant background by Agrobacterium- and/or the product of its action is highly active and
required for branch inhibition.mediated transformation. In four independent T1 plants,
the max3 mutant phenotype was restored to wild-type, Both auxin and ABA have been previously proposed
to have roles in inhibiting lateral bud growth and bothwith restoration cosegregating with the T-DNA in the T2
generation (data not shown). This result confirms that are transported over long distances [3, 15]. Furthermore,
related members of the CCD gene family are known toMAX3 is CCD7 and that the amplified cDNA is fully func-
tional in planta. Interestingly, no obvious novel pheno- have an essential role in ABA synthesis [16]. Therefore,
the levels of the auxin indole-3-acetic acid (IAA) andtypes were observed as a result of 35S-driven expres-
sion of MAX3 (data not shown), suggesting that MAX3 ABA were measured in the T-DNA knockout line max3-
10. Levels of IAA were slightly higher in the mutant, buttranscription is not rate limiting in branch inhibition. It
is, of course, possible that MAX3 translation, protein the differences were not significant (wt, 10.9 0.67 ng/g
FW; max3-10, 14.1  2.27 ng/g FW). ABA levels werestability, enzyme activity, etc., are rate limiting.
We have previously shown that wild-type roots grafted slightly reduced in the mutant, but again, the differences
were not significant (wt, 8.7  0.54 ng/g FW; max3-10,to max3 shoots can restore wild-type shoot branching
patterns, suggesting that the MAX3 gene is required for 7.3  0.59 ng/g FW). Thus, loss of MAX3/CCD7 function
does not significantly alter the levels of IAA or ABAproduction of a graft-transmissible inhibitor of shoot
branching [6]. Wild-type shoots grafted to max3 roots in vivo, suggesting that a novel signal is involved.
also have a wild-type shoot phenotype, indicating that
the inhibitor is also produced in the shoots. Consistent
with this prediction, MAX3 transcripts were detected in
all tissues examined (Figure 3A). The levels of expression
were generally very low, with the highest levels being
in root tissue. To investigate further the requirement for
MAX3 transcription in the inhibition of branching, we
performed interstock grafts in which a small wild-type
hypocotyl segment, marked with the -glucuronidase Figure 4. Chloroplast Localization and Activity of MAX3/CCD7
reporter gene, was grafted between a mutant root and
Import of in vitro transcribed and translated CCD7 and VP14 precur-
a mutant shoot (Figures 3B and 3C). This tiny segment sor proteins (pP) into pea chloroplasts. Chloroplasts were either
of wild-type tissue was sufficient to restore a wild-type treated with thermolysin (T) or fractionated to determine suborga-
nellar localization to the envelope (E), stroma (S), or thylakoid (Th).shoot branching habit (Figure 3D), indicating that MAX3
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Figure 5. Analysis of Carotenoid Cleavage in E. coli Expressing MAX3/CCD7
E. coli accumulating either -carotene (A and C) or -carotene (B and D), either uninduced (top of each panel) or induced (bottom of each
panel), were assayed for catabolism of the carotenoid substrate by HPLC (A and B) and production of volatile cleavage products by gas
chromatography (C and D). Identities of the indicated volatiles were verified by co-elution with known standards and mass spectrometry.
The predicted open reading frame of MAX3 includes minished, suggesting further metabolism of the carot-
enoid substrates (data not shown). In order to verify thisa putative chloroplast localization signal [17] (http://
www.cbs.dtu.dk/services/TargetP/). To test the func- further metabolism, carotenoids were extracted from
E. coli cultures and analyzed by HPLC [24, 25]. MAX3/tionality of this signal, in vitro chloroplast import assays
were performed (Figure 4A). Results indicate that the CCD7 induction resulted in significant decreases in the
carotenoid substrates. The results obtained with repre-CCD7/MAX3 protein is localized to the stroma, as is the
control NCED protein, VP14. The doublet bands ob- sentative linear (-carotene) and cyclic (-carotene) ca-
rotenoids are shown (Figures 5A and 5B). In order toserved may indicate some form of postimport modifica-
tion, similar to that observed for several of the Arabi- determine the cleavage site within each carotenoid, GC-
MS analysis was used to identify products. Productsdopsis NCED proteins following import [11]. Since
plastids are a major site for carotenoid biosynthesis consistent with cleavage at the 9,10 or 9’,10’ position
were identified as appropriate to each substrate. Forand accumulation, the plastidic localization of the MAX3
protein is consistent with its predicted biochemical ac- example, Figures 5C and 5D show increases in geranyl
acetone (the product of -carotene cleavage) andtion as a carotenoid cleavage dioxygenase.
In plants, the cyclization of lycopene is a major branch -ionone (the product of -carotene cleavage), respec-
tively. Owing to the symmetrical nature of all of thepoint in carotenoid biosynthesis [18]. Introduction of two
-rings produces , -carotene, which is subsequently tested carotenoids, our results do not address whether
each substrate is cleaved symmetrically or asymmetri-converted to zeaxanthin, violaxanthin, and neoxanthin.
Alternatively, the introduction of an -ring produces cally. In each case, the small amounts of geranyl acetone
and -ionone present in the uninduced cultures is likely-carotene. To determine whether MAX3/CCD7 could
cleave any of these carotenoids, the protein was ex- due to low level of expression of MAX3/CCD7 prior to
induction (data not shown). The inductive treatment inpressed in E. coli engineered to overexpress certain
carotenoids [19, 20]. Co-expression of similar enzymes the presence of empty vector was found to have no
effect on -carotene cleavage (data not shown).in carotenoid-accumulating strains of E. coli has been
used as a screen for CCD activity [21–24]. In our studies, These data demonstrate that MAX3/CCD7 has CCD
activity. Therefore, it is likely that the novel long-rangethe following strains were utilized: phytoene, -carotene,
lycopene, -carotene, -carotene, and zeaxanthin. The MAX3-dependent branch-inhibiting signal is produced
by a pathway involving a specific carotenoid cleavagelatter four produced an observable color. However, upon
induction of MAX3/CCD7, color development was di- reaction, although the preferred in vivo substrate has
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combination and from CCD7pBluntII to pSP6-PolyA (Promega, Mad-not been determined. Interestingly, the MAX4 gene is
ison, WI) by digestion with Pst1 and Sac1 for in vitro transcriptionalso a member of the CCD family, although its biochemi-
and translation.cal activity has not been characterized. Loss of MAX4
A standard binary vector for Agrobacterium-mediated transforma-
function has virtually identical phenotypic conse- tion (pHK1001, [27]) was converted into a Gateway destination vec-
quences to loss of MAX3 function, suggesting that it tor (pDESTOE) by ligating the Gateway cassette (Invitrogen), con-
taining recombination sites, between the Figwort Mosaic Virusfunctions in the same pathway, and this is supported
promoter and NOS terminator of pHK1001. The CCD7 cDNA wasby reciprocal grafting experiments that suggest they
recombined into pDESTOE to make CCD7pDESTOE.lack the same graft-transmissible compound (J.B. and
O.L., unpublished). Why two CCDs are required to pro-
Real-Time PCR
duce the branch-inhibiting signal is unclear. One expla- Tissue for RNA was harvested from Columbia plants grown in soil
nation is that they cleave the same substrate at different on short days (8 hr day/16 hr night) for 2.5 months. Plants were then
positions to release a unique central carotenoid-cleav- switched to long days (14 hr day/10 hr night) in order to promote
flowering. Once plants bolted, primary inflorescence stem (primaryage fragment. Consistent with this idea, when max3
inflorescence minus flowers and cauline leaves), flower, and greenmutant plants were grown with hydroponically supplied
silique tissue was collected. Secondary inflorescence stem was1 mM -ionone, a likely MAX3-specific reaction product,
collected once they reached 8 cm in height. Total RNA was isolated
there was no effect on shoot branching in wild-type or as described [28]. All RNA was DNaseI (Ambion, Austin, TX) treated
max mutant plants, although general growth retardation at 37	C for 30 min. DNase was removed using the RNeasy kit from
was observed, suggesting that the -ionone was taken Qiagen (Valencia, CA). RNA was visualized on agarose gels and
quantified by spectrophotometry. An Applied Biosystems GeneAmpup successfully (K. Bainbridge and O.L., unpublished
5700 real-time PCR machine was used with TaqMan One-Step RT-data).
PCR reagents (Applied Biosystems, Foster City, CA), and reaction
conditions were as per manufacturer specifications using 250 ng
Conclusions RNA per reaction in a 25 
l reaction volume. The primer/probe pair
We conclude that MAX3 is required for the synthesis of was as follows: forward primer, 5-CAACCGAGTCAAGCTTAATCCA-
a novel, graft-transmissible inhibitor of shoot branching. 3, probe, 5-FAM-AGGTTCCATAGCGGCTATGTGCGGA-TAMRA-3;
reverse primer, 5-AACGCTGATACCATTGGTGACA-3. TranscriptThe identity of this compound remains to be determined,
quantities were determined by comparison to a standard curve.but we have shown that it is likely to be a carotenoid
Transcript for use in production of standard curves was synthesizedderivative, it is probably produced in small quantities,
in vitro in the presence of [3H]UTP from CCD7pBluntII, linearized
it is highly active, and it is translocated though the plant with Spe1, with T7 polymerase. Quantities were then normalized to
and modifies growth in distant organs, indicating that ribosomal RNA, which was detected using the TaqMan Ribosomal
it can be classified as a novel plant hormone. RNA Control Reagents kit by Applied Biosystems. Tissue expression
patterns were determined for three biological replicates. Figure 3A
shows one replicate with error bars corresponding to the duplicateExperimental Procedures
reactions performed for each RNA sample.
Plant Growth Conditions and Physiological Characterization
All soil-grown plants were grown in Levingtons no2 compost. Plants Grafting
were grown under long-day conditions (16 hr light/8 hr dark, light Interstock grafts were constructed using a variation on the simple
100–120 
mol/m2/s1) at 24	C. Branch number, height, and leaf graft method [6]. Sterile seed was sown on ATS and grown for 5
development analysis was performed on soil-grown plants. Classifi- days. The rootstock was then prepared by cutting using a Wilkinson
cation of branches was as described [26]. sword “Classic” double-sided razor blade approximately half-way
along the hypocotyl and removing the top of the plant. A silicon
collar was then placed over the rootstock. An interstock-donor wasSequencing max3 Alleles
then prepared by cutting a seedling in the lower half of the hypocotyl.Genomic DNA was extracted from leaves and amplified for sequenc-
The top half of this plant was then inserted into the silicon collar soing using two primer combinations CAGCCACGTATGACGTATCCA/
that it did not touch the rootstock. The top of the interstock was thenCTCCATAAGCGTTTCCGGAGT and TCTTTGCCAACCGAGTCAA/
removed by cutting at the top of the collar so that the cotyledons andACGTTATGAGCCCCATGAAGA. DNA was gel purified using a Qia-
top of the hypocotyl could be removed. The scion was then preparedgen QIAquick gel extraction kit. Sequencing was performed by the
as for simple grafts and used to push the interstock into the collarUniversity of York sequencing service using the following primers.
so that it lay flush with the rootstock and the scion lay flush withForward: 24440 AGCCACGTATGACGTATCCATT; 24923 CGTGCGT
the top of the interstock. Grafts were left to heal for 6 days and thenTTCACATCGAC; 25457 TTTAAGATGCCACCGAAACG; 25951 ATC
scored for successful grafting and transferred to soil. Collars wereGTTAAACCCAAGCAACG; 26330 GCTGGATCCTTCTGTTATGAAT;
not removed. After branching analysis, the graft integrity was scored26643 CTT GTTGAGCCCATGTTTG; Reverse: 24638 GCGGAGTTT
by visual inspection or where CaMV35S::GUS WT was used, byGGTGATGATG; 25160 CACCTTCCCATAAACAAAGCA; 25565 TTTA
cutting along the hypocotyl axis and staining for GUS activity [6].CCACAAAATGTGAAGTTG; 26059 CTCCATAAGCGTTTCCGGAGT;
All interstocks were between 0.5 and 1 mm in length on construction26507 TTTTCCGGACCAGGATGA; 27082 TGGCTTCTGTAACACCT
of the grafts and between 0.75 and 1.5 mm in length in the adultTTTCC.
plants.
Cloning of CCD7
The CCD7 cDNA was obtained by a two-step RT-PCR reaction with Chloroplast Import
In vitro transcription and translation was performed using the cou-RNA from Columbia tissue. Advantage RT-for-PCR reagents (BD
Biosciences Clontech, Palo Alto, CA) were used according to the pled transcription/translation (TNT) rabbit reticulocyte lysate system
by Promega as specified by the manufacturer. A total of 6
g plasmidmanufacturer, and CCD7 was amplified from cDNA using the follow-
ing primers: 5-CACCATGGCGGAGAAACTCAGTGATGGCAG-3, 5- DNA was used in a 100 
l reaction volume. SP6 polymerase was
used to transcribe CCD7 from CCD7pSP6-PolyA. Translation prod-TTATATAAGAGTTTGTTCCTGGAGTTGTTCCTGTGAATACC-3.
Full-length cDNA was maintained in either the pCR-BluntII-TOPO ucts were labeled with [3H]leucine. Reactions were incubated for 30
min at 25	C. A 2 
l aliquot of TNT reaction products was set asidevector or the pENTRD vector (both from Invitrogen, Carlsbad, CA)
and sequenced. The sequence matched that of the annotated and the remaining reaction mix was used for import into the chloro-
plast.gene in GenBank AC007659. CCD7 cDNA was transferred from
CCD7pENTRD to pDESTOE (see below) for overexpression by re- Pea chloroplasts were isolated and import assays were performed
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